ATOPIC ASTHMA is a chronic inflammatory disorder of the airways characterized by reversible obstruction and airway hyperresponsiveness (16) . Environmental oxidants can trigger stress and injury to the epithelium (15) . The cytokines transforming growth factor (TGF)-␤ and IL-13 are mainly involved in airway remodeling (4) . TGF-␤1 is upregulated in asthmatic patients and involved in airway remodeling (5, 23) . Several investigators have demonstrated the induction of TGF-␤1 expression in the airways, activation of myofibroblasts, and resultant fibrosis in chronic asthma (3, 13) . High levels of TGF-␤1 in the bronchoalveolar lavage fluid of chronic asthmatic mice with peribronchial fibrosis following repetitive allergen challenge have been reported (21) . TGF-␤ functions in many cells and tissues that are involved in cell cycle control, extracellular matrix, immune functions, and induction of apoptosis.
It has been reported that CFTR and calcium-activated chloride channel are expressed in the airway epithelial cells (12, 26) . Volume-regulated Cl Ϫ channel (CLC) channels are expressed ubiquitously, and a role of these channels in proliferation and apoptosis has been suggested in several reports. It has been recognized that some of the Cl Ϫ channel blockers affect the apoptosis of a variety of cell types such as endothelial cells, glioma cells, intestinal enterocytes, hepatocytes, and peripheral T lymphocytes (14, 27, 24, 32) . Proliferating epithelial cells have high rates of mitosis and migration, both of which require change in cell volume and shape. Therefore, it is reasonable to speculate that volume-regulated Cl Ϫ channels might play an important role in the proliferation of airway epithelial cells. TGF-␤1 participates in a variety of biological processes, including cell differentiation, proliferation, and apoptosis. We hypothesized and examined whether volume-regulated chloride channels contribute to TGF-␤1-induced apoptosis of bronchial epithelial cells. Our findings demonstrate that TGF-␤1 induces apoptosis of human bronchial epithelial cells (HBECs) via inhibition of CLC-3-like Cl Ϫ currents in bronchial epithelial cells. Bcl-2 was downregulated after TGF-␤1 stimulation, and Bcl-2 overexpression in epithelial cells reversed TGF-␤1-induced cell apoptosis. These findings have major implications for linking CLC-3-like Cl Ϫ channel to apoptosis of bronchial epithelial cells.
MATERIALS AND METHODS
Cell culture. We used primary human bronchial epithelial cells (Cambrex BioScience, Rutherford, NJ) and the BEAS-2B cell line, which was derived from human bronchial epithelium transformed by an adenovirus 12-SV40 hybrid virus (ATCC, Manassas, VA). Cells were seeded in vented T75 tissue culture flasks coated with type I collagen and grown in bronchial epithelial cell basal medium (Cambrex) as described by Krunkosky and colleagues (17) and Park et al. (25) . Briefly, the expansion medium contained hrEGF (25 ng/ml), bovine pituitary extract (65 ng/ml), 50 nM all trans-retinoic acid, BSA (1.5 g/ml), nystatin (20 IU/ml, GIBCO), hydrocortisone (0.5 g/ml), insulin (5 g/ml), transferrin (10 g/ml), epinephrine (0.5 g/ml), triiodothyronine (6.5 ng/ml), gentamicin (50 g/ml), and 50 g/ml amphotericin B (Cambrex). Upon 90% confluency, cells were dissociated with trypsin-EDTA (2nd passage), passed onto collagen-coated polyester Transwell inserts at ϳ400,000 cells/insert, and cultured in an immersed condition until 90 -100% confluent (4 -5 days). The air-liquid interface was created by removing the apical medium and exposing cells only to bronchial epithelial cell growth medium (Cambrex):DMEM (Invitrogen) (1:1 ratio) with high glucose containing the same supplements as described above except EGF (BEGM:DMEM-H) on their basal surface and culturing the cells in a humidified environment with 97% air/3% CO 2 at 37°C. The medium beneath the cells was changed every day. Cells were used for the experiments when they were ϳ90% confluent. Cells were cultured in the medium free of EGF and bovine pituitary extract for 24 or 48 h for synchronization and then exposed to cytokine or other mediators from the basolateral surface for the indicated times.
Electrophysiological recordings. The whole cell patch-clamp technique was employed to record Cl Ϫ currents in HBECs. Whole cell recordings were performed using an Axopatch 200B patch-clamp amplifier, as described previously from our laboratory (18) . The data were analyzed with pClamp 8.2 software and a Digidata 1322A interface (Axon Instruments, Foster City, CA). The whole cell recordings frequency response was set at 5 kHz with the 8-pole Axopatch amplifier Bessel filter. The series resistance and cell capacitance were compensated for through the use of the internal circuit of the amplifier. Ag-AgCl wires were immersed in the bath as well as the pipette solutions and then connected to the patch-clamp amplifier. The bath and the Ag-AgCl reference electrodes were used to minimize changes in liquid junction potential during some experiments. To obtain Cl Ϫ voltage-current correlation, whole cell currents were recorded during voltage pulses, 200 ms in length, that were applied at 20-mV increments from Ϫ60 mV to ϩ140 mV. Potential values were corrected for the liquid-junctional potential between the bath and the patch pipette solutions. Electrophysiological experiments were performed at room temperature (20 -25°C). The patch pipettes were pulled on a BrownFlaming P-97 puller (Sutter Instrument, Navato, CA). Patch pipettes were created from thick borosilicate glass capillary tubes (Harvard Apparatus, Kent, UK) and were fire polished. The electrical resistances of the pipettes, when filled with pipette solution, ranged from 3.0 to 4.5 M⍀.
For the whole cell mode of patch clamp, the external bathing medium was the CsCl saline solution consisting of (in mM): 140 CsCl, 1 CaCl 2, 1 MgCl2, and 10 HEPES (pH 7.4). The pipette solution contained the CsCl-saline solution consisting of (in mM): 140 CsCl, 1 EGTA, 0.1 CaCl2, 1 MgCl2, and 10 HEPES (pH 7.4). All reagents were purchased from Sigma Chemical (St. Louis, MO). Osmolality was set to 295 Ϯ 5 mOsmol with sucrose. For the whole cell recording, solution osmolality was monitored using a freezing point osmometer (Microosmette; Precision Systems, Natick, MA). The bathing medium was exchanged by continuous perfusion.
Flow cytometry assay. Annexin V binding was performed on primary HBECs and BEAS-2B cells using a standard kit from BD Pharmingen to measure apoptosis (1, 2) . Briefly, after rinsing cells twice with PBS, cells were resuspended in 100 l of 1ϫ binding buffer in a flow cytometry tube, to which 5 l of Annexin V FITC and 5 l of propidium iodide were added and mixed well. After a 30-min incubation period at room temperature in the dark, 400 l of 1ϫ binding buffer was added, and flow cytometry was performed within 15 min.
RT-PCR analysis. Total RNA was extracted from primary HBECs or BEAS-2B cells using TRIzol (Invitrogen) and treatment with DNase (Ambion) according to the manufacturers' protocol. The total RNA was reverse transcribed with an OmniScript RT-PCR System (Qiagen). PCR was performed with a thermal cycler (PE2400, Applied Biosystems) under the following conditions: 1 cycle at 94°C for 5 min, followed by 30 -36 cycles consisting of 1-min denaturation at 94°C, 1-min annealing at 60°C, and 2-min extension at 72°C. The last cycle was extended to 5 min at 72°C. Products were analyzed by 2% (wt/vol) agarose gel electrophoresis. The sequences of the 5Ј sense primers and the 3Ј antisense primers used in this study were as follows: CIC-2, sense, 5Ј-AGCAG CAACTAGATGAGCCT-GTCA-3Ј and antisense, 5Ј-TCGATAGCTTTCCGGAGCTCTTT-3Ј (product size, 363 bp); CLC-3, sense, 5Ј-CATGTCAATGGG-GAGG-3Ј and antisense, 5Ј-GCAAGAAAGGCAAAACT-3Ј (product size, 423 bp); and CLC-5, sense, 5Ј-ACCTAAGCTGCTCCAAC-CTCCTTT-3Ј and antisense, 5Ј-ACAAGAGATACGGC AAG-GAAGGCA-3Ј (product size, 668 bp).
Real-time PCR analysis. Reverse transcription was performed using 1 g of total RNA and oligo(dT) primers in a 20-l reaction according to the manufacturer's protocol (PE Applied Biosystems, Foster City, CA). Primers for CLC-2, CLC-3, CLC-5, and GAPDH were designed using Primer Express software (PE Applied Biosystems). The following are sequences: for CLC-2 forward primer, 5Ј-AGCAGCAACTAGATGAGCCTGTCA-3Ј and reverse primer, 5Ј-TGACATAAGCATGGTCC ACTCCCA-3Ј; for CLC-3 forward primer, 5Ј-ATCGTCCAGCAGGCATTGGAGTAT-3Ј and reverse primer, 5Ј-GCCTGATGGAACCTTGATGCCAAA-3Ј; for CLC-5 forward primer, 5Ј-T GGTCCCAGCTTATCATCAGCACA-3Ј and reverse primer, 5Ј-AAGGAAGGCAAATAGGA GAGCCCA-3Ј; and for GAPDH forward primer, 5Ј-AGGTCGGAGTGAACGGATT-TGG-3Ј and reverse primer, 5Ј-TCGCTCCTGGAAGATG GT-GATG-3Ј. Real-time PCR was performed on the ABI Prism 7000 sequence detection system (PE Applied Biosystems) by using SYBR green (Applied Biosystems) as a dsDNA-specific binding dye. The cDNA were cycled 40 times after initial denaturation (95°C, 2 min) with the following parameters: denaturation, 95°C, 15 s, and annealing and extension, 60°C, 1 min. The threshold cycle (CT) was recorded for each sample to reflect the mRNA expression level. A validation experiment proved the linear dependency of the CT value for CLC-2, CLC-3, CLC-5, and GAPDH concentration and consistency of ⌬CT (CLC-2, CLC-3, and CLC-5 average CT minus GAPDH average CT) in a given sample at different RNA concentration. Therefore, ⌬CT was used to reflect the relative CLC-2, CLC-3, and CLC-5 expression levels. To determine the effects of different stimuli on CLC-2, CLC-3, and CLC-5 gene expression compared with unstimulated cells, ⌬⌬CT was calculated (⌬⌬CT ϭ ⌬CT stimulus Ϫ ⌬CT nonstimulated cells). CLC-2, CLC-3, and CLC-5 mRNA was indexed to the GAPDH using the following formula: 1/(2 ⌬CT ) ϫ 100%. The value of 2
⌬⌬CT was calculated to demonstrate the fold changes of CLC-2, CLC-3, and CLC-5 gene expression in stimulated cells compared with unstimulated cells.
Western immunoblots. Cells were lysed using eukaryotic membrane protein extraction reagent kit for 30 min supplemented with protease inhibitor mixture. Homogenates were centrifuged for 10 min at 12,000 g at 4°C. Protein quantification was performed on the supernatant using a DC protein assay kit from Bio-Rad (Hercules). Protein was boiled for 5 min in Laemmli-SDS sample buffer containing 600 mM ␤-mercaptoethanol. Equal amounts of protein were loaded into each lane of acrylamide SDS-PAGE gel (Bio-Rad) and resolved at 120 V constant. Gels were transferred onto PVDF paper (Bio-Rad) at 400 mA constant for 1 h at room temperature, and membranes were blocked in blocking buffer. Blots were incubated in primary antibodies (CLC-2 1ϫ 200 dilution, CLC-3 1ϫ 500 dilution, CLC-5 1ϫ 500 dilution) and rinsed three times followed by incubation with HRP-conjugated secondary antibodies (1ϫ 2,000 dilution) for 90 min. After being washed, blots were developed with enhanced chemiluminescence on Hyperfilm (Amersham Biosciences, Arlington Heights, IL). CLC-2, CLC-3, CLC-5, and secondary HRP-conjugated antibodies were obtained from Santa Cruz Biotechnology. GAPDH antibody was purchased from Novus Biologicals. Densitometric analysis was performed directly from the blotted membrane using a Bio-Rad Molecular Imager system.
hCLC-3 and hBcl-2 cDNA transfection. All transfections of human airway epithelial cells (BEAS-2B) were done with a Nucleofector device and corresponding kits (Amaxa, Cologne, Germany) in sixwell plates. Transfection protocols were performed following the manufacturer's instructions. Briefly, cells were plated in six-well Corning tissue culture plates. Twenty-four hours later, cells were transfected with 3 g/ml hCLC-3/pc DNA 3.1 plasmid, which contains a full-length hCLC-3 cDNA, and pcDNA3.1 vector (hCLC-3/ pcDNA3.1 was kindly provided by Dr. D. J. Nelson, Univ. of Chicago, Chicago, IL) or pORF-hBcl-2 (Invivogen, San Diego, CA). Analysis of apoptosis was done 48 h after transfection. The expression of CLC-3 and Bcl-2 protein was detected by Western blot analysis. The transfection efficiency was 60%-70%. BEAS-2B cells were also overexpressed with hCLC-3/pc DNA 3.1 plasmid and studied for apoptosis.
RNA interference and cell transfection. We have used the small interfering RNA (siRNA) approach, an effective tool to downregulate the expression of target genes in cultured mammalian cells. Two different high-performance purity grade siRNA to knock down CLC-3 were synthesized by Ambion One of the siRNA sequences. . A nonsilencing oligonucleotide sequence (nonsilencing siRNA) that does not recognize any known homology to mammalian genes was also generated as a negative control. Lipofectamine 2000 reagent (Invitrogen) was used for transient transfection of BEAS-2B cells. Briefly, 4 ϫ 10 5 cells were seeded into each well of a six-well plate and cultured to 40 -50% confluency. siRNA were diluted in RNase-free water to a final concentration of 20 M (20 pmol/l). For each well, siRNA stock was mixed with 5 l Lipofectamine 2000 in F-12/DMEM medium (serum-and antibiotic-free) to a final volume of 800 l. After 30 min, the siRNA (200 nm)/Lipofectamine 2000 complex was added to the well. Forty-eight hours after transfection, gene silencing was monitored at the mRNA and protein levels by RT-PCR and Western blotting, respectively. Cell proliferation assay was also repeated in these transfected cells.
Statistical analysis.
Values for all measurements are expressed as means Ϯ SE. One-way ANOVA was used to determine the difference among various experimental groups. Statistical difference between two groups was performed by the Student's t-test. Values of P Ͻ 0.05 were considered statistically significant.
RESULTS
Effect of TGF-␤1 on apoptosis of HBECs. Primary HBECs were cultured in serum-free media in an air-liquid interface and then exposed to TGF-␤1 (1-100 ng/ml) or the culture medium (control) for 48 h. TGF-␤1 induced apoptosis of HBECs in a dose-dependent manner (Fig. 1A) . There was no difference in the effect of TGF-␤1 on the apoptosis of HBECs whether the cells were cultured under submerged conditions or under airliquid interface conditions. Also, the effect of TGF-␤1 on the induction of apoptosis in BEAS-2B cells was similar to that in HBECs (data not shown).
We also examined the effect of chloride channel blockers DIDS, NPPB, and IAA94. These blockers are not highly selective but are being used by many investigators to examine pharmacological properties of Cl Ϫ currents in various cells. NPPB and IAA94 are known to selectively block volumesensitive, hyperpolarization-activated, medium-conductance Cl Ϫ channels, whereas DIDS block large-conductance Cl Ϫ channels. As shown in Fig. 1B , both DIDS and NPPB increased apoptosis in HBECs, whereas there was no significant effect of IAA94.
Chloride channel expression in HBECs. We examined mRNA transcript expression of the volume-regulated chloride channels (CLC-2, CLC-3, and CLC-5) in HBECs. HBECs expressed mRNA of all three voltage-gated chloride channels, CLC-2, CLC-3, and CLC-5 (Fig. 2) .
Selective decrease in total protein and mRNA transcript of CLC-3 chloride channels by TGF-␤1 in HBECs. We examined if the treatment of HBECs with TGF-␤1 affects the expression of volume-regulated chloride channels and if this effect is nonselective to all volume-regulated chloride channels. We performed qRT-PCR and Western blot analysis. There was no significant effect of TGF-␤1 on either the total protein or relative quantitative expression of mRNA transcripts of CLC-2 and CLC-5. However, TGF-␤1 significantly decreased the CLC-3 protein and mRNA transcripts in HBECs (Fig. 3) .
Whole cell Cl Ϫ currents in HBECs. Using whole cell patch clamp, we first recorded outward Cl Ϫ current in HBECs, which were propagated in collagen-coated dishes with BEGM containing supplements, synchronized, and cultured under air: liquid interface (Fig. 4A) . Addition of TGF-␤1 (10 ng/ml) in the bathing medium diminished whole cell Cl Ϫ currents in HBECs (Fig. 4B) . Osmolality was set to 300 mOsmol with sucrose. Under the low-Cl Ϫ bath solution conditions, there was a significant decrease in the Cl Ϫ current (Fig. 5A ) compared with the control bath solution (Fig. 5B ). These findings confirm that the recorded current in HBECs is indeed Cl Ϫ current.
Voltage dependency of the chloride current in HBECs.
To further confirm that the observed current is indeed due to CLC-3 channels and not CFTR or other channels, we examined the voltage dependency of the recorded Cl Ϫ current in HBECs. Since CLC-3 is mostly an outward current, we applied a wider range of positive stimulation ranging from Ϫ60 mV to ϩ160 mV. As shown in Fig. 6 , a voltage-dependent trend in the outward Cl Ϫ current was observed. The concentration of the CsCl in the bath solution and pipette solution was the same (140 mM). 
. Whole cell Cl
Ϫ currents were recorded in control HBECs (A) and after treatment of the cells with 10 ng/ml TGF-␤1 (B). The bathing medium contained 140 mM CsCl, 1 mM CaCl2, 1 mM MgCl2, and 10 mM HEPES (pH 7.4), and the pipette solution contained 140 mM CsCl, 1 mM EGTA, 0.1 mM CaCl2, 1 mM MgCl2, and 10 mM HEPES (pH 7.4). Osmolality was set to 300 mOsmol with sucrose. Holding potential was Ϫ40 mV. Voltage pulses, 200 ms in duration, were applied at 20-mV increments from Ϫ60 to ϩ140 mV. Outward Cl Ϫ current was 510 pA (A) and 44 pA (B) after treatment of the cells with TGF-␤1. C shows TGF-␤1-sensitive Cl Ϫ current (calculated by subtracting current in the presence of TGF-␤1 from the baseline current). This is a representative tracing of 5-7 individual cells.
Effect of DIDS on Cl
Ϫ current in HBECs. DIDS is known to significantly inhibit outward Cl Ϫ current but has much less inhibitory effects on the inward Cl Ϫ current. Further patchclamp experiments showed that the amplitude of the current decreased significantly after perfusion with DIDS (10 mol/l) in bath solution, a CLC channel blocker, which suggests the presence of voltage-dependent outward Cl Ϫ current, typical of CLC-3 (Fig. 7) .
Overexpression of CLC-3 Cl Ϫ channel prevents TGF-␤1-induced apoptosis of HBECs. We hypothesized that TGF-␤1-induced apoptosis is due to downregulation of CLC-3 chloride channel. In this study, we transfected BEAS-2B cells with CLC-3 cDNA. After transfection, BEAS-2B cells showed strong CLC-3 expression compared with control cells (Fig. 8A) . CLC-2 and CLC-5 proteins remained unchanged (data not shown). TGF-␤1-induced downregulation of CLC-3 was also reversed by CLC-3 overexpression. In addition, TGF-␤1-induced apoptosis was significantly inhibited in CLC-3 overexpressed cells (Fig. 8B) .
Effect of CLC-3 siRNA transfection on TGF-␤1-induced apoptosis of HBECs.
To further confirm the role of CLC-3 channels in TGF-␤1-induced apoptosis of BEAS-2B airway epithelial cells, cells were transfected with two different highperformance purity grade siRNAs to knock down CLC-3, and nonsilencing oligonucleotide sequence was used as a negative control. The efficiency of the transient transfection of airway epithelial cells was ϳ50%. The siRNA transfection reduced CLC-3 transcripts by Ͼ70% and CLC-3 protein by Ͼ60%, but not in cells transfected with nonsilencing siRNA (Fig. 9A) .
The effect of TGF-␤1 on the induction of apoptosis in CLC-3 siRNA-transfected airway epithelial cells was then examined. There was a significant increase in the baseline apoptosis of airway epithelial cells after knocking down the CLC-3 gene, and the stimulation of the cells with TGF-␤1 significantly increased the number of apoptotic cells (Fig. 9B) .
Cl Ϫ currents in CLC-3 siRNA-transfected BEAS-2B cells. Transfection of the BEAS-2B cells with CLC-3 siRNA significantly attenuated Cl Ϫ currents. However, there was no effect of nonsilencing siRNA (Fig. 10) .
Effect of TGF-␤1 on pro-and antiapoptotic protein in HBECs. Treatment of HBECs with TGF-␤1 (100 ng/ml) for 48 h increased the protein expression of Bax and decreased the protein expression of Bcl-2 (Fig. 11) .
Overexpression of Bcl-2 upregulated CLC-3 chloride channel expression in HBECs. CLC-3 protein was significantly increased in Bcl-2 overexpressed cells (Fig. 12A) . CLC-2 and CLC-5 levels were not altered after Bcl-2 transfection. Transfection of Bcl-2 prevented TGF-␤1 (100 ng/ml)-induced apoptosis of airway epithelial cells.
DISCUSSION
In this study, TGF-␤1 significantly inhibited bronchial epithelial cell apoptosis. We further observed that TGF-␤1-induced cell apoptosis was accompanied by a decrease in CLC-3 mRNA transcripts and protein expression in a time-dependent manner. CLC-3-like Cl Ϫ currents were also observed and diminished by TGF-␤1 stimulation. Taking the data together, we conclude that CLC-3 channels are linked to TGF-␤1-induced apoptosis of airway epithelial cells. To our knowledge, this is the first report on the involvement of CLC-3 channels in TGF-␤1-associated cell apoptosis in airway epithelial cells.
Apoptosis represents a model of genetically programmed cell death and describes a major mechanism by which tissue removes unwanted, aged, or damaged cells. Although cells of mammalian tissues consist of a broad diversity of phenotypes and genotypes, during the development of apoptosis, all cell types undergo similar morphological alterations including chromatin compaction and margination, nuclear condensation and fragmentation, and cell body shrinkage and blebbing (7, 13, 28) . Characteristic apoptotic morphology reflects a drastic self-destruction of cytoskeleton and a catabolism of intracellular macromolecules. Complex interactions between extracellular microenvironment factors and internal gene expression occur before the initiation of apoptosis. Once activated, the apoptotic process can progress in the absence of extracellular insults. This suicidal feature of apoptosis has been well documented during embryonic development and morphogenesis as well as in adult tissue turnover.
Airway epithelial cells are exposed to a broad variety of biologically active environmental factors such as mechanical force, oxidative stress, radiation, heat, free radicals, virus and bacterial products, and inflammatory cytokines produced by activated immune cells. Induction of apoptosis has been reported in airway epithelial cells treated by some of the extracellular environmental and immunological factors. The Fas/Fas ligand/caspase death-signaling pathway, Bcl-2 protein family/ mitochondria, the tumor suppressive gene p53, and the protooncogene c-myc may be activated in allergic airway inflammation and mediate apoptosis of airway epithelial cells during the allergen exposure (8, 33) . Abnormal expression and dysfunction of these apoptosis-regulating genes may attenuate or accelerate vascular cell apoptosis and affect the integrity and stability of airway epithelial cells. In our study, we found decreased Bcl-2 levels and increased Bax levels after TGF-␤1 stimulation. Overexpression of Bcl-2 inhibited TGF-␤1-in- duced cell apoptosis. CLC-3 expression was also upregulated in Bcl-2 transfected cells. A number of reports recently have appeared claiming the additional involvement of Bcl-2 in the regulation of several types of plasma membrane ion channels. In particular, overexpression of Bcl-2 has been shown to exert cell type-specific inhibition (32) or enhancement of transmembrane capacitative Ca 2ϩ entry (9, 32) to inhibit voltage-gated K ϩ channels in vascular smooth muscle cells (8) . We also found that chloride current was inhibited by TGF-␤1. It seems that there is a link between Bcl-2 and CLC-3. Clarification of the regulation of Bcl-2 in CLC-3 in airway epithelial cell apoptosis may help design a new strategy for treatment of chronic asthma and its major complications, the subepithelial fibrosis, and airway remodeling.
TGF-␤1 functions in many cells and tissues that are involved in the cell cycle control, extracellular matrix, immune functions, and induction of apoptosis (19, 7) . TGF-␤1 is involved with the intrinsic pathway because its receptor is not associated with a death domain. TGF-␤1 binds to the heteromeric complex of transmembrane serine/threonine kinase receptors, TGF-␤ RI/RII, which induces phosphorylation of Smads. The Smad family consists of a common pathway Smad, receptorregulated Smads, and inhibitory Smads. TGF-␤RI activates receptor-regulated Smads, Smad2 and Smad3. Activated Smad2 and Smad3 form a hetero-oligomeric complex with Smad4. The Smad complex translocates to the nucleus and regulates transcription. Smad6 and Smad7, inhibitory Smads, block the phosphorylation of Smad signaling (36) . Thus, Smad7 can negatively regulate TGF-␤-induced apoptosis of airway epithelial cells. The essential role of the Smad family in CLC-3 regulation is still unclear. Further study to identify the key function of Smad3 and Smad7 in chloride channel activation is warranted.
It is of interest that Cl Ϫ channels involved in epithelial cell apoptosis may be stimulus-specific. A previous study has shown that both TNF-␣ and IFN-␥ can induce apoptosis in airway epithelial cells (35) . There is no report that addresses direct connection between TNF-␣ or IFN-␥ and CLC-3 in any cell. However, antiapoptotic effect of CLC-3 has been studied in different cell types. EGF upregulated CLC-3 expression in prostate cancer cell line and prevented cells undergoing apoptosis (20) . PDGF increased CLC-3 expression, and the overexpression of CLC-3 improved cell viability in cultured canine pulmonary artery smooth muscle cells (6) . These results provide strong support to our hypothesis that CLC-3 play an A: increase in Bcl-2 protein was assayed by Western blot analysis. Bcl-2 overexpression also enhanced CLC-3 levels in airway epithelial cells. The inhibitory effect of TGF-␤ on Bcl-2 was also reversed by overexpression of Bcl-2. CLC-2 and CLC-5 levels were not changed after Bcl-2 overexpression. TGF-␤ (100 ng/ml)-induced apoptosis was dramatically decreased in Bcl-2 overexpressed cells. #P Ͻ 0.05 vs. control cells.
important role in the apoptosis of airway epithelial cells. It is, however, unclear whether or not antiapoptotic effect of CLC-3 is limited to the apoptotic response of TGF-␤1. Studies to compare the effect of TGF-␤1 on CLC-3 to other apoptotic agents are clearly warranted to clarify this question.
In the present study, we recorded outward voltage-dependent Cl Ϫ currents, and this current was DIDS sensitive. At the same time, this outward Cl Ϫ current was also abolished by siRNA specially targeted to CLC-3. These data indicate that CLC-3 may be a dominant chloride channel in human airway epithelial cells. In response to TGF-␤1, CLC-3-like channel activity was significantly inhibited. Our results also showed that TGF-␤1 decreased CLC-3 protein expression. Hence, the activation of TGF-␤ might be decreasing the number of CLC-3 channels. The lack of knowledge of the precise function of CLC-3 in airway epithelial cells makes it difficult to evaluate the physiological significance of the modulation of CLC-3 by TGF-␤1. However, Bcl-2 overexpression in prostate cancer epithelial cells significantly increased Cl Ϫ current, and this was due to enhanced expression of CLC-3 (20) . We also showed that TGF-␤1 downregulated Bcl-2 expression in airway epithelial cells. Overexpression of Bcl-2 increased CLC-3 expression. This suggests that the sensitivity to TGF-␤-induced apoptosis in airway epithelial cells is mediated by increased proapoptotic protein and their effect on CLC-3 channels in human airway epithelial cells.
Two events closely associated with intracellular K ϩ and Cl Ϫ efflux and water efflux/cell shrinkage have also been implicated in the regulation of apoptosis (34) . Cell volume reduction may play a mechanistic role in apoptosis, since hypertonic medium induces or potentiates apoptosis in some studies, and regulatory volume decrease responses are enhanced in HeLa, U-937, PC-12 and NG108-15 cells undergoing apoptosis (22) . The mechanism by which chloride channel inhibition leads to an increased apoptotic activity remains unknown in this study. However, an increasing amount of evidence favors the concept that volume-regulated chloride channels are closely related to apoptosis. It has been reported that the blockade of volume-regulated chloride channel interferes with the mechanism of cell death through alteration of regulation of cardiomyocyte volume, and it has been suggested that the cellular function of Bcl-2, a key regulator of apoptosis, could be modulated through the activation of volume-regulated chloride channel and change in cell volume (29) . Souktani and colleagues (30) found that both NPPB and IAA94 increased apoptosis in rabbit myocardium. In our study, NPPB, but not IAA94, could induce HBEC apoptosis. Several studies have demonstrated that selectivity of NPPB to chloride channel in different cell types such as portal vein and cerebral arteries is concentration dependent. Also, IAA94 is effective in substantially inhibiting regulatory volume decrease in cardiomyocytes. There are several NPPB-and IAA94-sensitive Cl Ϫ channels including CLC-2, CLC-3, volume-regulated anion channel, Ca 2ϩ -activated Cl Ϫ channel, and maxi-Cl Ϫ channel. One of the possibilities is that NPPB is more sensitive to CLC-3 than IAA94. Overexpression of CLC-3 preventing TGF-␤-promoted apoptosis supports the notion of the direct relationship between TGF-␤ and CLC-3 in the induction of apoptosis. The results suggest that CLC-3 activation may be a key step in the chain of events associated with apoptosis.
In summary, TGF-␤1 induced apoptosis in airway epithelial cell and inhibited the expression of CLC-3 channels. Cl
